Abstract. In this study, we performed the bending fatigue test and investigated the influence of strain ratio on fatigue life in TiNi shape memory thin wire. The pulsating plane bending, alternating plane bending and rotating bending fatigue tests were carried. Additionally, we carried out the observation of the fatigue fracture surface by a scanning electron microscope. The behavior of fatigue crack was investigated. The results obtained are summarized as follows. (1) The martensitic transformation (MT) stress of the superelastic thin wire (SE-NT) is higher than that of the SMA thin wire (SME-NT) and the fatigue life of SE-NT is shorter than that of SME-NT. Maximum bending strain at the fatigue limit is the MT starting strain. (2) The low-cycle fatigue life curve in plane bending for SE-NT is expressed by a power function of maximum strain ε max and the number of cycles to failure N f . The smaller the strain ratio for the same ε max , the shorter the fatigue life. (3) In both the rotating bending and the plane bending, fatigue cracks nucleate on the surface of the wire and one fatigue crack grows preferentially. The region in which fatigue crack propagated is fan-shaped.
Introduction
Shape memory alloy (SMA) is expected to be applied as intelligent materials since it shows the unique characteristics of the shape memory effect (SME) and superelasicity (SE) [1] [2] [3] . Most SMA elements with using these characteristics perform cyclic motions. In these cases, the fatigue of SMA is one of the important properties in view of evaluating functional characteristics as SMA elements. The fatigue properties of SME and SE are complex since they depend on stress, strain, temperature and time which are related to the martensitic transformation (TM). In order to clarify the fatigue properties of SMA, it is necessary to investigate the influence of these factors on the fatigue properties. Although many investigations on the fatigue of SMA have been carried out till now, the bending fatigue properties of SMA thin wires practically used are not investigated enough [4] [5] [6] [7] [8] . The bending fatigue properties of SMA thin wires have been investigated mainly on rotating bending till now. However, most SMA elements are subjected to plane bending in practical applications. Therefore, it is important to clarify the fatigue properties not only due to rotating bending but also due to plane bending.
In the present study, the fatigue properties of TiNi SMA thin wires which show SME and SE at room temperature were investigated with respect to cyclic bending deformation. In the fatigue tests, plane bending and rotating bending were carried out. The fatigue properties of both wires and the influence of strain ratio on the fatigue life were discussed.
Experimental Method
Materials and specimen. The materials used were TiNi SMA thin wires made by Furukawa Electric Co.: a wire (SME-NT) and a wire (SE-NT) which showed SME and SE at room temperature, respectively. The diameters of SME-NT and SE-NT were 0.75mm and 0.5mm, respectively. Both wires were shape-memorized with a rectilinear shape. A shorter specimen with a length of 60-80mm was chosen to give a larger bending strain.
Experimental apparatus. In the fatigue tests, a pulsating-plane bending fatigue test machine [5] , an alternating-plane bending fatigue test machine [6] , and a rotating-bending fatigue test machine [4] were used. In the tests, the number of cycles to failure was obtained under a certain values of bending strain, temperature and frequency. A scanning electron microscopy (SEM) was used to observe the fracture surface of the specimen. Experimental procedure. The fatigue tests were carried out at room temperature in air. In the bending fatigue tests, maximum bending strain ε max and minimum bending strain ε min on the surface of the specimen in each cycle were designated.
Experimental Results and Discussion
Fatigue life of SME-NT and SE-NT. Figure 1 shows the relationships between strain amplitude ε a and the number of cycles to failure N f obtained by a perfect pulsating-plane bending fatigue test for SME-NT and SE-NT. As can be seen, the slopes of both strain-life curves are steep in the low-cycle fatigue region. The corners of the curves appear in the vicinity of ε a =0.5% and N f =410
5 cycles for SME-NT and in the vicinity of ε a =0.35% and N f =510 4 cycles for SE-NT, respectively. The strain amplitude for a plateau of the curve must correspond to the fatigue limit. The relationships in the shorter life side than the corner are expressed by the straight lines on the logarithmic graph. There is a large difference between fatigue lives of both materials in the low-cycle fatigue region. In order to discuss the difference in the low-cycle fatigue region, the stress-strain curves of both materials are shown in Fig.2 . As can be seen, the MT stress σ M shown by the stress plateau is 300MPa for SME-NT and 450MPa for SE-NT, respectively. The MT stress in SE-NT is higher than that in SME-NT and therefore fatigue damage is larger, resulting in shorter fatigue life in the range of small strain amplitude.
On the other hand, the fatigue life of SME-NT becomes short markedly as ε max increase, and therefore the difference of fatigue life between both materials decreases. In order to discuss this phenomena, Fig.3 shows the schematic stress-strain diagrams of surface elements of both wires for maximum strain ε max =2% and 4% in each cycle during the fatigue test. In Fig.3 , it is assumed that the MT stress σ M is equal in compression and in tension. As can be seen in Fig.3 , the area surrounded by the hysteresis loop in each cycle denotes the dissipated work W d per unit volume. W d for SE-NT and SME-NT are expressed as follows, respectively.
where σ A , ε MS and E denote reverse transformation stress, MT starting strain and elastic modulus, respectively. In the case of SE-NT, W d =2.6MJ/m 3 for ε max =2% and W d =6.6MJ/m 3 for ε max =4%. In the case of SME-NT, W d =1.8MJ/m 3 for ε max =2% and W d =13.8MJ/m 3 for ε max =4%. Therefore, W d of SME-NT increases markedly as ε max increases. With respect to the fatigue life for both materials, the influence of σ M on fatigue damage is large in the range of small ε max , resulting in short fatigue life for SE-NT. On the other hand, since W d for SME-NT becomes very large as ε max increase, the influence of W d on fatigue damage becomes significant, resulting in short fatigue life. Therefore, the difference of the fatigue life between both materials must become small as ε max increases based on the influence of W d .
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Engineering Plasticity and Its Applications
Based on the stress-strain curves shown in Fig.2 , the strain corresponding to the fatigue limit can be considered as follows. In the perfect pulsating-plane bending fatigue test, strain amplitude ε a is a half of maximum strain ε max . Therefore, the maximum strain ε max at the fatigue limit is 1% for SME-NT and 0.7% for SE-NT, respectively. The strain of 1% for SME-NT corresponds to the region after the R-phase transformation finishing point F R and that of 0.7% for SE-NT corresponds to the vicinity of after the start of the MT starting point S M . Therefore, the strain regions necessary to be considered in the low-cycle fatigue exist after the finish of the R-phase transformation for SME-NT and after the start of the MT for SE-NT, respectively.
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Influence of strain ratio on fatigue life for SE-NT. Figure 4 shows the relationships between maximum strain ε max and the number of cycles to failure N f for SE-NT obtained by the plane-bending fatigue test with various strain ratios S r . In the figure, the points with arrows at 10 6 and 10 7 cycles denote the cases where failure did not occur. As can be seen, the slopes of the strain-life curves are steep in the low-cycle fatigue region. Maximum strain at the corner of the curves is about 0.7%. Although it is necessary to discuss the influence of S r on the fatigue limit in more detail, maximum strain of the fatigue limit is close to the MT starting strain of 0.7% for every S r .
In order to observe the low-cycle fatigue properties in detail, the low-cycle fatigue curves are enlarged in Fig.5 . As can be seen, the relationships between maximum strain ε max and the number of cycles to failure N f shown on the logarithmic graph are almost expressed by parallel straight lines for every strain ratio S r . Therefore, the relationships can be expressed by a power function similar to the Coffin-Manson law for low-cycle fatigue of normal metals as follows
where α and β represent ε max in N f =1 and the slope of the log ε max -log N f curve, respectively. Each 
Key Engineering Materials Vols. 340-341curve was approximated. The average of approximated slope β was 0.53. Obtaining α using this average β, α can be approximated by the following functions of S r .
α =1.2S r +2.9 ; -1'S r '0 α =5.33S r +2.9 ; S r 0
The calculated values of Eqs. (3) and (4) are shown by solid lines in Fig.5 . As can be seen, the overall inclinations are well approximated by the solid lines. However, the difference between the experimental data and the calculated values is large in the case of S r =0 and S r =-1. In order to discuss the influence of strain ratio S r on fatigue life, the stress-strain curves of the elements on the surface of the wires during cycling are schematically shown in Fig.6 . In Fig.6 , it is assumed that the stress-strain curve in the compression side is symmetric to that in the tension side. The area surrounded by the hysteresis loop in Fig.6 denotes the dissipated work W d per unit volume.
Since S r =ε min /ε max , the larger the S r for the same ε max , the larger the ε min , resulting in smaller W d . If SMA is subjected to cyclic loading, temperature of the wire increases based on W d [6] . The MT stress σ M of SMA increases in proportion to an increase in temperature. Therefore, as can be seen in Fig.6(a) , in the case of S r >0 for SE-NT, the smaller the W d , the smaller the fatigue damage due to small increase in σ M , resulting in longer life.
As can be seen in Fig.5 , in the case of S r =0, N f for ε max above 1.5% is almost the same as N f for S r =0.1. This can be explained as follows. In the case of S r =0.1, ε min is smaller than the strain ε AF at the reverse-transformation finish point F A and the reverse transformation completes. Therefore, the MT strain range ∆ε M =ε max -ε MS which represents the width of hysteresis loop of the stress-strain curve becomes equal for S r =0 and S r =0.1, resulting in the same value for W d . As a result, N f for S r =0 coincides with N f for S r =0.1.
In the case of alternating plane bending (S r =-1), N f decreases markedly for large ε max . In this case, the surface element of the specimen is subjected to the MT by both tension and compression in each cycle. Therefore, W d is twice, temperature increases correspondingly and fatigue damage is large according to an increase in the MT stress, resulting in short fatigue life. 
Influence of strain ratio on fatigue life for SME-NT and SE-NT. With respect to the plane bending fatigue for SME-NT in the range of strain ratio S r from -1 to 0.3, the fatigue-life curves are expressed by Eq. (3) in which β is constant while α increases monotonically in proportion to S r [6] .
This property of SME-NT is different from that of SE-NT in which β is large for S r =0 and small for S r =-1 and α is expressed by Eq. (4). The fatigue property for SME-NT appears according to the following reason. As can be seen from the stress-strain curves shown in Fig.6(b) , SME-NT is subjected to both the tensile and compressive MT during cyclic bending. The area surrounded by the hysteresis loop in each cycle W d increases with decreasing ε min . Since S r =ε min /ε max , W d decreases in proportion to S r with respect to the same ε max . In this way, SME-NT is subjected to both the cyclic tensile and compressive MT and W d decreases monotonically in proportion to S r , and therefore α increases monotonically in proportion to S r .
Fatigue life of rotating bending and alternating plane bending for SE-NT. Figure 7 shows the relationships between the bending strain amplitude on the surface of the wires ε a and the number of cycles to failure N f obtained by the rotating-bending and alternating-plane bending fatigue tests for SE-NT with frequency f=500cpm at room temperature. In the figure, the points with arrows at 10 7 cycles denote cases where failure did not occur. Strain ratio is -1 in both bending fatigue tests.
As can be seen, in the region of long fatigue life for ε a smaller than 1.5%, difference of fatigue life between rotating bending and alternating-plane bending is small. However, if ε a is larger than 2%, the fatigue life for the same ε a in rotating bending become longer than that in alternating-plane bending. The overall fatigue life is similar to that of SME-NT [4] . In the case of alternating-plane bending, only the elements on the surface of the wire in both sides where maximum bending strain occurs are subjected to the cyclic MT. On the other hand, in the case of rotating bending, whole surface elements of the wire are subjected to the tensile and compressive MT in each cycle. If ε a becomes large, temperature increases markedly due to the large dissipated work with the MT in the surface elements of the wire. Therefore, the MT stress in rotating bending is higher and fatigue damage is larger, resulting in shorter fatigue life. Observation of fatigue fracture surface. Figure 8 shows SEM photographs of a fracture surface for SME-NT in the case of f=500cpm, ε a =1.71%, N f =11802 cycles at room temperature in alternating-plane bending. The whole fracture surface, the fracture surface at crack initiation and the fracture surface in the case of an unstable fracture are shown in Fig.8(a) , 8(b) and 8(c), respectively. As can be seen in Figs.8(a) and 8(b), the crack nucleates at a certain point on the surface of the wire and propagates towards the center in a sinuous radial pattern. Although small cracks are observed on the surface elements in both sides of the wire subjected to maximum bending strain, one single crack grows preferentially. Striation is not observed in the fatigue-crack growth region. Following the appearance of fatigue fracture with a fan-shaped surface, unstable fracture finally occurs. As can be seen in Fig.8(c) , isometric dimples with an average diameter of about 3µm appear in the region of the unstable fracture. In the case of SE-NT, the fatigue crack also nucleates on the Fig.7 Fatigue life curves in alternating-plane bending and rotating bending for SE-NT surface of the wire, and a fan-shaped fatigue-crack growth region and the unstable fracture region with isometric dimples are observed.
The phenomena that one single fatigue crack and a fan-shaped fatigue crack region appear are similar to those observed for SMA wires subjected to rotating bending [8] .
Summary
The influence of strain ratio on bending fatigue properties and fatigue crack growth in TiNi SMA wires were investigated. The results obtained are summarized as follows.
(1) The MT stress of the superelastic thin wire (SE-NT) is higher than that of the SMA thin wire (SME-NT) and the fatigue life of SE-NT is shorter than that of SME-NT. Maximum bending strain at the fatigue limit is the MT starting strain.
(2) The low-cycle fatigue life curve in plane bending for SE-NT is expressed by a power function of maximum strain ε max and the number of cycles to failure N f . The smaller the strain ratio for the same ε max , the shorter the fatigue life.
(3) In both the rotating bending and the alternating-plane bending, fatigue cracks nucleate on the surface of the wire and one fatigue crack grows preferentially. The region in which fatigue crack propagated is fan-shaped.
